During the Pleistocene period, glaciers covered the majority of the temperate regions of the Earth and the ocean was approximately 100 to 150 metre below its present level. The average temperature was 5 to 6 degrees below the current average temperatures and multiple plant and animal species were restricted to the southern part of the Northern Hemisphere. Refugia were fragmented and dispersed, and the fl oral composition was different from the present structure. Rapid climatic change at the end of the last glacial maximum (LGM) sparked dramatic shifts in the distribution of plants and associated animals throughout the world, producing isolated refugia. It is now widely accepted that speciation and subspeciation occurred in these isolated refugia, an idea that was fi rst proposed by D ARWIN (1859) . Understanding the effects of past major climate changes on evolutionary processes has become a major focus in the study of the biology of modern landbased organisms.
The mechanisms of speciation and diversifi cation of organisms remain important and controversial issues for modern phylogeography. Some researchers have argued that species fragmentation in isolated and small refugia acted as a ' speciation pump ' during the Pleistocene glaciations (H AFFER 1969; B ROWER 1994) . Recent reports by C RACRAFT and P RUM (1988) , K LICKA and Z INK (1997, 1999) and S MITH and F ARRELL (2005) have shown that the divergence of evolutionarily distinct groups began long before the last glacial maximum (LGM), which occurred 18 000 years ago. The development of techniques for DNA analysis in the 1990s has transformed phylogeography from a simple descriptive discipline into a modern tool that enabled researchers to investigate the role of signifi cant global climate fl uctuations in driving the evolutionary diversifi cation of organisms. The conservation and management of species biodiversity among forest trees is particularly important, because such trees are the foundation of ecosystems that cover large geographical areas and are of great economic and social importance.
One of the forest tree species that has been studied intensively over the last 30 to 35 years is the maritime pine ( Pinus pinaster Ait.; subgenus Diploxilon ). The natural distribution range of P. pinaster is in the central and western Mediterranean region, and includes northwest Africa and southern and western Europe (Morocco, Algeria, Tunisia, Spain, Portugal, Italy and France). Pinus pinaster is also found on some islands, for example, Corsica, Sardinia, Elba, Pantelleria and Malta. The distribution of this species is severely fragmented, with a small radius of effective distribution. It is adapted well to drained, poor, sandy soil, and regeneration and colonisation depend on forest fi res. In the southern regions, the trees colonise habitats at altitudes above 2000 m, whereas in the northern regions, the colonised habitats are close to sea level. The results of a) molecular analyses, such as the characterisation of amplifi ed fragment length polymorphisms (AFLPs), random amplifi ed polymorphic DNA (RAPD), chloroplast simple sequence repeats (cpSSRs), mitochondrial DNA (mtSNPs), and nuclear SSRs (nuSSRs), and b) biochemical analyses (terpenes, total protein, and isozymes) of P. pinaster over the past 30 to 35 years (B AHRMAN et al. 1992 ) have led researchers to formulate the idea of regional ' races ' , which are believed to have originated during the LGM under different colonisation and refugia scenarios (V ENDRAMIN et al. 1998; R IBEIRO et al. 2001) . The level of genetic variability among populations depends on the marker analysed, and can be as high as 100% for mitochondrial DNA ( G st ; B URBAN and P ETIT 2003) or as low as 2% for cpSSRs in the Portuguese population (Weir ' s theta; R IBEIRO et al. 2001 ). These results indicate that the geographical pattern of genetic diversity of P. pinaster within its natural distribution range is complex (S ALVADOR et al. 2000 ; G ONZALEZ -M ARTINEZ et al. 2002) .
Variation in the nuclear DNA of maritime pine has been studied less than that in the mitochondrial or chloroplast DNA. Only three of 23 special nuclear microsatellites that have been developed over the last 10 years for P. pinaster have been used for population analysis, and these have been used mostly with populations that originated in France, with a few from Spain, Portugal and Morocco (M ARIETTE et al. 2001; D ERORY et al. 2002; G ONZALEZ -M ARTINEZ et al. 2004) . The results of these analyses reveal a modest variability among populations of 11% ( G st ), which is generally due to one locus (FRPP91) with good (18.4%) discriminatory power. Recently, E VENO et al. (2008) analysed local selective sweeps of 11 nuclear genes of maritime pine that were candidates for drought stress genes in 10 populations and showed a high level of interpopulation discriminatory power for three nuSSRs ( F st : up to 33%) and for two single nucleotide polymorphism (SNP) regions ( F st : up to 64%).
Previously, we analysed 10 natural populations of maritime pine from Morocco using seven nuclear microsatellites (W AHID et al. 2010) . The results revealed clear geographic differentiation and good variability among populations: an F st value of 12.1% and an analysis of molecular variance (AMOVA) value of 17%, respectively. These results supported earlier results from enzyme analyses of species from the same region (W AHID et al. 2004) . Historically, the populations from Morocco have been under-represented in molecular analyses of P. pinaster (with a maximum of one to two populations being included in the analyses). In an attempt to clarify some specifi c features of the historical demography of maritime pine populations from the perspective of largescale phylogeography, we will use some new statistical methods, such as coalescence analysis, that have not yet been utilised for this purpose. In particular, we will examine the rates of mutation, migration and admixing, using a balanced number of populations and a signifi cant number of molecular markers.
In the study reported herein, we investigated the population structure and genetic variability of different geographical populations across most of the natural range of P. pinaster, using 972 individuals and eight nuclear DNA markers. We hypothesise that genetic diversity in the maritime pine shows a geographical distribution that is infl uenced by natural physical barriers, such as seas and mountains, and that severe selective pressure, genetic bottlenecks, and depauperation have been induced by human activity. These factors might have varied between the northern and southern regions of the natural distribution of the species. Migration was probably limited, but was still a constant factor among European were collected from at least 36 individuals at a minimum distance of 50 m from each other in each locality. The ages of the individuals varied from 60 to 80 years. Seeds were kept in the dark at 4 ° C until germination, as described below. Thirty-six seedlings from each locality were analysed.
For germination, the collected seeds were placed on moist fi lter paper in Petri dishes and incubated at 26 ° C with a 14-h photoperiod for 10 days. Total DNA was extracted from germinating seedlings using a DNA mini-preparation kit (Sigma-Aldrich Canada Ltd.), as described by N AYDENOV et al. (2006, 2007) . Individuals were genotyped on the basis of eight microsatellite sequences using eight primer pairs that were developed originally for other Pinus species (PtTX-3118, PtTX-3025, PtTX-2090, PtTX-3030, PtTX-3020, PtTX-3123, Pde-3 and Pde-7) . Loci were amplifi ed using a tailed primer and labelled fl uorescently with 6-FAM ™ , VIC ™ or populations a long time before the LGM, and had a signifi cant effect on genetic structure.
MATERIAL AND METHODS

Plant material and laboratory methods
Twenty-seven natural populations from four regions that covered most of the natural geographic range of Pinus pinaster were sampled ( Fig. 1) : 10 populations from northwest Africa (Morocco), eight from the Iberian Peninsula (Spain), seven from continental France (southwest and southeast) and two from Corsica (France). In the case of Morocco, seeds were collected at each locality from 16 to 35 individuals that were dispersed at a minimum distance of 50 m from each other due to the highly fragmented natural area of distribution (W AHID et al. 2010 (1985) , and H OLMES (2003) , using the ade4 package of R ver. 2.5.1 (I HAKA and G ENTLEMAN 1996) . The NJ algorithm for tree building was considered to be preferable to the unweighted pair group method with arithmetic mean (UPGMA) after preliminary tests using TREEFIT ver. 1 software (K ALINOWSKI 2009). BAPS software uses allele frequencies to resolve the number of genetically divergent groups in a population, which is considered to be a random variable. To complete the analysis, AMOVA methods were applied to quantify the interpopulation and intergroup genetic variation (ARLEQUIN ver. 2.1; E XCOFFIER et al. 2002) .
To identify the population edges associated with the highest rate of change in the genetic distance matrix we used BARRIER ver. The coalescence process was used to model the ancestry of the sample and events that reduced variability (K INGMAN 1982; H UDSON 1990) . To analyse nuSSRs, we used BATWING ver. 1.03 (W ILSON et al. 2003) , whose algorithm is Bayesian-adapted for multilocus haplotypes and assumes that the effect of selection is negligible. The effective population size, time to most recent common ancestor (TMRCA), and divergence time among groups of populations were calculated using a M ARKOV chain Monte Carlo (MCMC) algorithm to generate random samples from the posterior distribution of population genetic parameters. The priors for the mutation rate mu ( μ ) were 10 to 15 times higher (i.e. 3.2 ϫ 10 Ϫ4 , 8.0 ϫ 10 Ϫ4 , and 16.0 ϫ 10 Ϫ4 ) than those recommended by P ROVAN et al. (1999) for paternal inherited markers. For effective population size, the priors were v 1 ϭ 4 and NED ™ (L IAN et al. 2000; A UCKLAND et al. 2002) . Briefl y, template DNA (25 to 35 ng) was added to a master reaction mix that contained 6.6 μ l of HotMaster buffer (Eppendorf North America, Westbury, NY, USA), 100 μ g μ l Ϫ1 gelatine, 1% DMSO (Dimethyl sulfoxide), 50 μ M each dNTP, 100 nM each primer, 0.325 U of HotMaster Taq DNA Polymerase (Eppendorf North America), and 1.5 -4.0 mM MgCl 2 in a fi nal volume of 10 μ l. Target loci were amplifi ed using a thermocycler (Perkin-Elmer 9700, USA) and the following protocol: initial Taq activation at 95 ° C for 2.5 min; 30 cycles of denaturation for 2.5 min at 94 ° C, 2.0 min at the appropriate annealing temperature, and extension for 1 min at 72 ° C; and a fi nal extension for 3.5 min at 72 ° C. PCR analysis followed the methodology described by W ILLIAMS et al. (2000) .
Fluorescently labelled PCR products (0.4 μ l) were added to 10 μ l of Hi-Di Formamide (Applied Biosystems, Westborough, MA, USA), an internal size standard of 0.4 μ l of ROX-1000 (MapMarker, BioVenture Inc., Murfreesboro, TN, USA). The samples were denatured for 5 min at 95 ° C, placed on ice, and then separated by capillary electrophoresis using a Prism 3130 Genetic Analyzer (Applied Biosystems).
Statistical analysis
Data acquired from the PCR products were analysed using DataCOLLECTION ver. 3.0 software (Applied Biosystems), and the genotypes of the samples were inferred from the individual size profi les of the nuclear DNA markers using GeneMAPPER ver. 3.7 software (Applied Biosystems). The MicroCHECKER ver. 2.2.3 program of VAN O OSTERHOUT et al. (2004) was used to test for ' null ' alleles and scoring errors caused by large allele dropouts and stutter peaks. Unbiased expected heterozygosity ( uH e ), the effective number of alleles ( A e ; K IMURA and C ROW 1964), local common alleles (less than 25% and 50%), gene fl ow ( N m ; S LATKIN 1985), the Shannon -Weaver information index ( I ), and F st and G st coeffi cients (W RIGHT 1965; N EI 1975) were calculated using GenAlEx ver. 6 (P EAKALL and S MOUSE 2006).
A preliminary test using the BOTTLENECK ver. 1.2 software (C ORNUET and L UIKART 1996) showed that, for all populations, the distributions of the molecular markers were consistent with one mutation model, namely, the infi nity allele model (IAM). Two methods were tested to identify structures among populations: 1) the neighbourjoining (NJ) algorithm of S AITOU and N EI (1987) using the standard genetic distance by N EI (1972) , which is based on the IAM; and 2) the B AYESIAN algorithm implemented in BAPS ver. 5.1 (C ORANDER et al. 2006; C ORANDER and TANG 2007) . The distance-based interpopulation structure was analysed on the basis of allelic frequency data with 10 3 non-parametric bootstrap replications, according to
To detect bottlenecks or effective population size expansion, we used the coalescent-model-based method of B EAUMONT (1999; MSVAR program) and the following conditions: a rectangular prior limit of -8 to 8 with the exponential model; and 2 ϫ 10 9 replications per run (10 5 steps times and 2 ϫ 10 4 thinned updates). The fi rst 10% of the replications were discarded as burn-in, whereas the remainder were used to obtain the 10%, 50% and 90% highest posterior density (HPD) intervals of the posterior distributions for each parameter using the LOCFIT ver. 2.0 module of the statistical package R ( Ͻ www. r-project.org Ͼ ). As a complementary test, we used the ratio of the mean number of alleles to allele size range to calculate M-ratios (G ARZA and W ILLIAMSON 2001). An M-ratio of less than the critical value M-crit ( M r Ͻ M c ) indicated an important reduction in the effective population size. The M r value was calculated for each population using 10 4 replicates. M-ratio analysis only enables the detection of recent demographic events (i.e. Ͻ 4 N e , where N e is the contemporary population size), according to C ORNUET and L UIKART (1996) . N e was calculated using the model-based algorithm of T ALLMON et al. (2004) , which is based on B AYESIAN simulation of a single population. We used lower and upper bounds on the prior for N e of 2 and 10 3 , respectively. In general, estimates of N e are much lower than census estimates, so we also tested the upper bounds of 25 ϫ 10 3 and 125 ϫ 10 3 to guide the choice of prior bounds in subsequent analyses.
RESULTS
The analysis of eight microsatellite loci identifi ed 82 alleles. The average number of alleles per population was 29.3 and the effective number of alleles ( A e ) varied from 1.4 to 2.6. The mean A e was highest in populations from France (2.3) and lowest in populations from Spain (1.6). The unbiased expected heterozygosity ( uH e ) varied from 0.222 to 0.527. At the regional level, it was highest in populations from France (0.450) and lowest in populations from Spain (0.337). The information index ( I ) was larger in the marginal regions of the sample area, for example, it was larger in France and Morocco than in Spain (Table 1 ). In general, local common alleles ( N lca ) were identifi ed in all of the populations. Higher numbers were observed in populations from France than in those from the Iberian Peninsula or northwest Africa.
Current population differentiation
The ' NJ-cluster ' had good discriminatory power. Among the populations from Morocco, the existence of two groups of populations was supported by high bootstrap values: one group comprised POP-7, from near the Strait of v 2 ϭ 125 000, as described by R AFII and D ODD (2007) , in a pure exponential growth model with an MCMC burn-in of 10 5 and 10 4 interactions as the number of sample outputs. Coalescent-based estimates of migration rate between the formations of maritime pine were obtained by Bayesian inference using the MIGRATE-n ver. 3.0 program (B EERLI 2006). The time scale was in units of mutation rate scaled to generation. For simulation, we used the genotype that was most frequent among the 36 individuals from each locality to avoid an imbalance between the sample sizes of species formations. The simulation was performed for infi nite allele modes using the following parameters: the starting parameters for theta and migration were derived from an F st -like calculation, as described by B EERLI and F ELSENSTEIN (1999) ; the mutation rate modifi er was deduced from the loci using Theta; free to varying custom migration model without predetermined geographical distance; a burn-in of 5 ϫ 10 5 interactions; sample of 5 ϫ 10 4 ; one long chain (long chain epsilon ϭ infi nity) and eight heating temperatures (between 1 and 10 5 ); and sum-G ELMAN convergence for the MCMC search strategy. CLUMEQ, which is a nationwide network among Canadian universities of high-performance computing installations, was used for computing support ( Ͻ http://support.clumeq.ca Ͼ ). Coalescent analyses of migration and TMRCA were completed with an estimation of admixing for the population from Corsica. To verify the admixture hypothesis, we tested the maximum-likelihood (ML)-based estimator using a probability density function (pdf) for p 1 , t 1 , t 2 , and t h (where p 1 is the fi rst hypothetical parental population; t 1 ϭ T/ N e , timing of the last admixing event for parental populations from Spain to Corsica; t 2 ϭ T/ N e , timing of the last admixing event for parental populations from France (southeast) to Corsica; t h ϭ T/ N e , timing of the last admixing event for admixed populations on Corsica) at an equal-tail probability interval (ETPI) of 5%, 50% or 95% with standard coalescent methodology, in which it is assumed that populations evolved under pure drift without any migration until the present day. This analysis was performed using the LEA ver. Gibraltar, and the remaining populations made up the other group. Analysis of the Iberian Peninsula populations using the same distance method also revealed two uneven groups: the fi rst group included only POP-18, which was located near the Strait of Gibraltar, whereas the second group comprised the remaining populations. The French populations were more fragmented and consisted of three principal groups: Corsica (POP-21, POP-27); French Atlantic (Aquitaine: POP-20 and POP-22), and a group that comprised the populations from continental southeast France. Using the Bayesian method from the BAPS program, we identifi ed nine clusters with very good population structure: four in Morocco, three in Spain and two in France (Fig. 1) . The structure obtained using the Bayesian assignment method confi rmed the ' NJ-cluster ' results with greater discrimination between populations. (Fig. 2) . F-statistic analysis and AMOVA revealed patterns of variability among groups and populations that were similar to those obtained with the distance and frequency methods. 
Historic demographic analysis
The results of coalescent analysis showed that migration across the barriers (i -i and iii -iii) represented by the Pyrenees and Strait of Gibraltar was limited to a very specifi c period of time. This period of intensive gene exchange occurred due to multiple waves of migration of 15 000 to 20 000 individuals, initially from the northern to southern regions. Furthermore, BB -Ͼ AA and CC -Ͼ BB migration occurred earlier than migration in the opposite directions ( Fig. 2 ; compare red dots and large black peaks). We hypothesise that this was the time of maximal glacial depression. The results also showed clearly that, long before the period of the LGM the populations of maritime pine were fragmented by these (5.96 -5.33 million years ago; late Messinian) and signifi cant cyclical climate fl uctuations that resulted in the formation of a natural migration bridge between the continent and the island. Four coalescent-based analyses of admixing showed that current maritime pine populations on Corsica are the result of admixing events, with a relatively dominant initial participation (0.648 -0.780) of genotypes from the Iberian Peninsula ( p 1 ; Supplementary material Appendix 2). Given that the size of the population on the Iberian Peninsula was half that of the surrounding populations (Supplementary material Appendix 1), the true historical participation of the group on the Iberian Peninsula might have been 0.324 to 0.390. At present, the Spanish genotype is less pronounced among the Corsican population than the southeastern French genotype (0.150 -0.220, POP-21 and POP-27, respectively) according to the results of the B AYESIAN cluster analysis using BAPS; this is probably due to natural selection (Fig. 1) . The ML admixing model predicted the timing of admixing ( t h ) in Corsica to be no more than 11 027 years ago (ETPI, 95%). This period overlaps with the end of the LGM (approximately 10 000 years ago), when the sea level was 100 to 150 m lower than current levels and there was a migration bridge between the continental shelf and the Mediterranean island. The ETPIs at 5% and 50% (Supplementary material Appendix 2) are believed to be less realistic than that at 95% (C HIKHI et al. 2001 ). These results must be interpreted with caution, due to the lack of similar empirical results for different populations, different molecular markers and different species from the maritime pine forest community.
The mean effective population size ( N e ) was 86.8 with a confi dence interval (CI 95%) between 42.5 and 359.1. Coalescence analysis based on the method of B EAUMONT (1999; MSVAR program) detected signals of recent demographic decline for the majority of the populations same barriers. This fragmentation preceded human activity and was probably due to natural forest fi res and competition. Historical migration through the barrier (ii -ii) between the island of Corsica and neighbouring continental Pinus pinaster populations was not analysed, due to a lack of samples from Italy and neighbouring islands such as Sardinia and Elba, which might have yielded incomplete and speculative results.
Short-term historical migration patterns across the Strait of Gibraltar and Pyrenees Mountains were used to calibrate the average rate of mutation of eight nuSSRs. Previously, R AFII and D ODD (2007) used the mutation rate (3.2 ϫ 10 Ϫ5 to 8.0 ϫ 10 Ϫ5 ) of paternally inherited DNA (cpSSRs) for P. nigra (Arn.) from the same region to calibrate the mutation rate for forest trees. This method was proposed initially by P ROVAN et al. (1999) for P. torreyana in California (USA), and was based on the hypothesis of isolation of P. torreyana on the western coast of North America. We used a strategy similar to that of P ROVAN et al. (1999) , with a 10-to 15-fold higher mutation rate (i.e. 3.2 ϫ 10 Ϫ4 to 16.0 ϫ 10 Ϫ4 ) to account for the nuclear origin of the molecular markers used in the current study (at the 5%, 50% and 95% quantiles). The best fi t with the migration hypothesis of maritime pine was obtained with a mutation rate of 8. GENETIX ver. 4.05.2 (B ELKHIR et al. 1996 these populations experienced a signifi cant bottleneck in the distant past (i.e. Ͼ 4 N e ; not recent population decline), under the assumption of the existence of mutation-drift equilibrium. The mean values for M-stat and the MAVAR algorithm suggested that the N e of maritime pine populations in northwest Africa and the Iberian Peninsula started to decline before those of continental France and Corsica. Furthermore, the decline in N e in northwest Africa and the Iberian Peninsula was more pronounced than that in continental France and Corsica.
DISCUSSION
Morphologic, biochemical, and molecular studies of the population structure of Pinus pinaster during the last half century have focused for the most part on western Europe. The more rigorous studies involved analyses of terpenes and enzymes, and included extensive sample collection methods with the analysis of a number of biochemical markers. On the basis of terpene, palynological, and paleoclimatological records, B ARADAT Analyses of organellar DNA exhibit a very good discriminatory power for the entire natural distribution region and indicate a well-defi ned phylogeographic structure. An analysis of SNPs in the nad 1 gene (intron 2) of mitochondrial DNA and four cpSSRs from the psa A -trn S regions of chloroplast DNA (Fig. 1, 2 , and 5d in B URBAN and P ETIT 2003) revealed the presence of mitotype and chlorotype boundaries that corresponded to the Strait of Gibraltar (barrier i -i), which was similar to the results of the nuclear DNA analysis. The remaining results of this study show a clear east -west distribution of mitotypes with no overlap of the group in continental southeast France, Italy, Tunisia and Algeria (i.e. the eastern pool/group) and studied (Supplementary material Appendix 3). On average, the decline started 347.2 generations ago ( log 10 t f Ͻ 0.6 at 10% and 50% HPD; 2 N e ϫ antilog-log 10 t f ), i.e. approximately 7000 years ago (assuming 20 years per generation), and overlapped with the period of human activity in the sample region. Demographic contractions exhibited different patterns at 10% HPD, ranging from strong ( log 10 r Ͼ -3.00/ -2.69) to moderate ( log 10 r Յ -3.00/ -2.69; Fig. 3 ). During the period of decline, the populations lost 82.6% to 91.3% of their original historical population size. Analysis of M-ratios (G ARZA and W ILLIAMSON 2001) revealed a similar pattern of demographic decline for the majority of populations. For some populations, such as POP-2, POP-4 and POP-12, M-ratio values for two of the markers, PtTX-2090 and Pde-7, were lower than the critical ratio (0.680), which indicated an important reduction in the effective population size. In each of these populations, the ratios for the remaining markers exceeded the critical value. Furthermore, the overall M-ratio (0.406) was signifi cantly lower than M-crit, due to the large standard deviation (approximately 0.25; Supplementary material Appendix 3). These results suggested that Fig. 3 . Plot of 36 000 simulated points from the marginal posterior distribution of log 10 ( r ) and log 10 ( t f ) for POP-12 (green) and POP-22 (red) populations of maritime pine. The solid lines give the 90%, 50% and 10% HPD limits estimated from microsatellite data. Note that log 10 ( r ) Ͻ 1 (and Ͼ 1) indicate decline (and expansion) in population size respectively, but the log 10 ( t f ) Ͼ -1.0 is synonymous with the timing of the demographic events back in time. The x-and y-axes are log 10 ( r ) and log 10 ( t f ) respectively. The POP-12 does not fullly overlap the period of recent reduction in population size (green color), and the population POP-22 (red color) fully overlaps the period of recent reduction in population size (i.e. max log 10 ( t f ) Ͻ 0.6 at 90% HPD).
studied. The effective radius of distribution of maritime pine seeds is restricted generally to 10 -15 m (and rarely reaches 75 m), with 75% of the seeds being lost in the fi rst week, according to G ONZALEZ -M ARTINEZ et al. (2002) . It is possible for viable pollen to travel greater distances, in which case eventual barriers might be physiological (timing of mating period) or physical (sea and mountains) or refl ect levels of fragmentation. The well-delineated genetic variability observed between groups of populations in the current study suggested that P. pinaster was isolated for a long time, many generations before the period of LGM and human activity. A less likely explanation is that, during the last 18 000 years, the maritime pine became confi ned to a few, small, closely grouped refugia in the extreme south of the Iberian Peninsula or the northwest African shelf, as proposed by B ARADAT and M ARPEAU -B EZART (1988) . The relatively low level of migration (15 000 -20 000 individuals) between groups of populations is one indication of fragmentation. It is likely that the frequency and intensity of forest fi res during the period of LGM differed from those of later periods, that migration to lower altitudes mediated and facilitated pollen transfer, and that maternal DNA (seeds) could not cross the barrier (i -i) that was evident in the results of B URBAN and P ETIT (2003) . Genotype exchange was observed among a restricted number of populations around the barrier, but this comprised intensive pollen exchange and occurred during LGM rather than the time after this period, as illustrated by the coalescent analysis (Fig. 2) .
In the interior groups of populations, the LGM helped to accelerate genetic exchange in the lower elevations and watersheds, which favoured distribution of the local genotypes (that is, more intensive migration between populations within groups than between groups). For example, the population from southwest France (Aquitaine) represents a mix of genotypes from local formations and those of continental southeast France (Fig. 1) , both of which are separated today by a signifi cant geographical distance. Intensive gene exchange ( N m ) within groups continues to the present day (1.80, 4.55 and 2.33, individuals per generation respectively), and is two to fi ve times more intensive than exchange between groups (0.95; Table 2 , Fig. 2) . A similar migration pattern was identifi ed previously for this region (M ARIETTE et al. 2001; R IBEIRO et al. 2001) . Soil conditions are probably an important factor in species competition, especially for heliotropic species such as maritime pine, and must have played an important role in area fragmentation, migration, and the formation of the present genetic structure of P. pinaster . Human activity is also considered to have played a role in the phylogeographic structure of this species.
In Morocco and the extreme south of Spain, migration of the maritime pine towards lower lands and watersheds was more restricted than in other regions because the the group in the remaining part of the natural distribution of maritime pine (B URBAN and P ETIT 2003). The complementary results for cpSSRs show more introgression of the eastern chlorotype in the P. pinaster natural area in the northern part of Spain than in the other regions.
The results of this study are in partial agreement with the results described in V ENDRAMIN et al. (1998) and B UCCI et al. (2007) , in which nine and fi ve cpSSRs, respectively, were analysed. Principal component analysis (PCA) which was the fi rst signifi cant analysis of paternally inherited DNA of maritime pine showed the presence of four well-determined putative genetic groups (1 -Corsica, 2 -Pantelleria, 3 -continental France, 4 -remaining part of the distribution) ( Fig. 2 and 3a in V ENDRAMIN et al. 1998 ). This result supports the presence of genetic barriers that correspond to the Pyrenees and the area between Corsica and continental southeast France, as determined by our analysis of nuSSRs (i.e. barriers iii -iii and ii -ii, respectively). Using PCA, cluster analysis and spatial interpolation of the haplotype frequencies of 16 of a total of 103 cpSSRs, B UCCI et al. (2007: Fig. 3, 4a ) determined the presence of from three to eight gene pools depending on the manipulation technique used for the statistical analysis. For example, multivariable non-spatial analysis showed a clear difference between the Spanish and French populations, which confi rmed the barrier effect of the Pyrenees (iii -iii); complementary spatial analysis, that is, interpolation of 16 haplotype frequencies, confi rmed the barrier effects of the Pyrenees (iii -iii), the Strait of Gibraltar (barrier i -i), and the separation of Corsica and continental southeast France (ii -ii). In our investigation, the results of IBD analyses indicated that these barriers contributed substantially to genetic differentiation between populations.
The proportion of variation among populations and among groups was less than that of V ENDRAMIN et al. (1998) , in which nine paternally inherited cpDNA markers were analysed (i.e. R st , 16.97 vs 23.50; ST , 20.89 vs 25.40; and IS , 20.26 vs 29.9 ). The variability among groups and populations reported by B URBAN and P ETIT (2003) on the basis of analysis of mtSNPs was very high ( G st ϭ 100%), which is rarely observed in other pine species. Although our intergroup population structure results were confi rmed by three previous independent studies of cpSSRs and mtSNPs, as cited above, these fi ndings, namely, support for the Pyrenees Mountain barrier (iii -iii) and the barrier between Corsica and continental southeast France (ii -ii), should be treated with caution, due to the lack of samples from Italy and central and northern Spain.
These differences in the geographical distribution of genetic variability depending on the type of molecular marker used might be the result of differences in the migration patterns of pollen versus seeds in the regions (K RUTOVSKII et al. 1999; M ARIETTE et al. 2001; D ERORY et al . 2002) . We have used more nuclear microsatellite loci and a larger sample size than previous nuSSR studies of the same species in order to minimise the risks of size homoplasy. Our results have been confi rmed partially by the results with monoparental markers from the three independent studies cited above, which suggests that homoplasy does not have a signifi cant effect on the genetic patterns reported here.
Conclusion
The maritime pine is a long-lived coniferous species of the western Mediterranean region that has a well-defi ned phylogeographic structure under an IBD asymptote. Geographically, the genetic structure of P. pinaster was long restricted to the Iberian Peninsula, continental France and northwest Africa. It is possible that there are also refugia in Italy, though their presence or absence has not been determined in this study. Human activity after the LGM is considered to be the origin of the present fragmented structure and statistically proven bottleneck. From this perspective, a comprehensive genomic meta-analysis with international support would facilitate greatly the development of a complete understanding of the complex structure and population history of P. pinaster . The international projects developed in Europe (EU) such as ProCoGen, EvolTree, TreeBreDex, NovelTree etc., showed very good initial results over the last 5 -10 years. These pines (coniferous) have some of the biggest genomes in the world (7 -8 times more than the human genome); and this has been the principal problem for genome mapping. The present results for phylogeographic structure are complementary and they would have been very expensive and diffi cult to obtain with other technique. effect of climate change during LGM in the south was less than that in the north. The combination of contrasting climate conditions between restricted geographical areas (i.e. high mountains) and nearby warm land at a lower altitude (i.e. watersheds) led to very diverse ecological conditions, which explains the specifi c genetic structures of POP-7, POP-16 and POP-18 and the high variability in northwest Africa (Fig. 1) .
The results of our analysis and the earlier mtSNPs and cpSSRs analyses mentioned above suggest that pine of Iberian origin probably contributed to admixture on Corsica via pollen transfer during the period of the LGM when maritime pine covered the majority of the bridge between the island and the continental shelf. Mitotypes on the island of Corsica are similar to those found in regions of continental southeast France and Italy, but cpSSRs show the presence of chlorotypes from eastern Spain, Italy, and continental southeast France ( Fig. 1 and 2 Fig. 2 and 3a) suggested that the chlorotypes of Corsica differ substantially from those of the neighbouring continental shelf of Italy and southeast France, whereas B UCCI et al. (2007: Fig. 4a ) proposed that there is a substantial difference between the chlorotypes of Corsica and the neighbouring continental shelf of southeast France, but those of Corsica and Italy are highly similar. Our results on the genetic structure of P. pinaster on Corsica are more similar to the structure reported using cpSSRs and mtSNPs by B URBAN and P ETIT (2003) than the results of the Italian studies, but it is clear that future international research projects will shed additional light on the structure of the population on Corsica. Our results must be interpreted with caution and considered to originate from a complementary study.
The TMRCA was many generations before the the Mindel -Riss interglacial period (430 000 years ago), which indicates that the present genetic structure is the result of demographic and migration events that occurred 18 000 years or more ago. In general, nuSSRs have higher mutation rates and can be used to identify more recent changes in genetic structure than mono-parental DNA markers (e.g. cpSSRs and mtSNPs). Multiple refugia that were delineated by barriers to admixing probably existed in each population group, but not all have survived to the present day. The observation that the decline in population size overlapped with the period of human activity supports the early bottleneck in Mediterranean pines that was proposed by V ENDRAMIN et al. (2008) . This bottleneck was probably caused by human activity, perhaps through timber production and agriculture, combined with forest fi res. The presence of homoplasy and ' null ' alleles is possible, but it has been suggested that their impact is negligible if the sample size is greater than 30
